The establishment of the proximo-distal (PD) axis in the legs of Drosophila melanogaster requires the expression of a nested set of transcription factors that are activated in discreet domains by secreted signaling molecules. The precise regulation of these transcription factor domains is critical for generating the stereotyped morphological characteristics that exist along the PD axis, such as the positioning of specific bristle types and leg joints. Here we provide evidence that the Zn-finger protein encoded by the gene jing is critical for PD axis formation in the Drosophila legs. Our data suggest that jing represses transcription and that it is necessary to keep the proximal gene homothorax (hth) repressed in the medial domain of the PD axis. We further show that jing is also required for alula and vein development in the adult wing. In the wing, Jing is required to repress another proximal gene, teashirt (tsh), in a small domain that will give rise to the alula. Interestingly, we also demonstrate that two other genes affecting alula development, Alula and elbow, also exhibit tsh derepression in the same region of the wing disc as jing ÿ clones. Finally, we show that jing genetically interacts with several members of the Polycomb (Pc) group of genes during development. Together, our data suggest that jing encodes a transcriptional repressor that may participate in a subset of Pc-dependent activities during Drosophila appendage development.
T HE development of animal appendages requires the establishment of a proximo-distal (PD) axis, which extends orthogonally from the trunk. Unlike the antero-posterior (AP) and dorso-ventral (DV) axes, which exist at all stages of development, the PD axis must be created de novo for each appendage during embryogenesis. Many insights into PD axis formation have been obtained by studying its establishment in Drosophila melanogaster (reviewed by Couso and Bishop 1998; Morata 2001) . Cells that will give rise to the leg can be first visualized as a small circular ventral domain in each of the three thoracic hemisegments during stage 9 of embryogenesis. A marker for the leg primordia at this early stage is the homeobox gene Distal-less (Dll), which is also required for distal leg development (Cohen et al. 1989; Cohen 1990; Campbell and Tomlinson 1998) . Interestingly, a subset of the cells that initially express Dll at this stage will migrate dorsally and contribute to the wing and haltere primordia, two dorsal appendages that grow from the second and third thoracic segments, respectively. Early expression of Dll in the leg primordia is activated by Wingless (Wg) signaling and constrained by two other pathways, Decapentaplegic (Dpp) signaling dorsally and Epidermal growth factor receptor (DER) signaling ventrally (Cohen 1990; Cohen et al. 1991; Goto and Hayashi 1997) . In addition, Dll is repressed by the Hox genes in the abdomen, thus limiting its expression in the ectoderm to the thoracic segments (Vachon et al. 1992; Gebelein et al. 2002) . Although there is no clear morphological PD axis at this stage, a subset of the Dll-expressing cells will contribute to the distal leg segments while more proximal leg segments appear to arise from cells immediately ventral to the Dll-expression domain (Goto and Hayashi 1997; Bolinger and Boekhoff-Falk 2005) . These proximally fated cells express the genes homothorax (hth), teashirt (tsh), and escargot (esg).
Late in embryogenesis and extending into larval development, the leg PD axis is elaborated by Wg and Dpp, which induce the expression of downstream transcription factors at different positions along the PD axis in the leg imaginal discs (Lecuit and Cohen 1997; AbuShaar and Mann 1998) . During this stage, Wg and Dpp are both expressed adjacent to the AP compartment boundary, but in mutually exclusive ventral and dorsal stripes, respectively ( Jiang and Struhl 1996; Penton and Hoffmann 1996; Theisen et al. 1996) . By mechanisms that are still not well understood, high levels of both Dpp and Wg are required to activate Dll expression while lower levels of the same two signals activate another transcription factor, dachshund (dac) (Lecuit and Cohen 1997) . The result of this Wg 1 Dpp signaling is the formation of three domains of gene expression along the PD axis: Dll in distal cells, dac in medial cells, and hth/tsh in proximal cells (Lecuit and Cohen 1997; Abu-Shaar and Mann 1998) . By 48 hr of development, both Dll and dac become independent of Wg and Dpp. This change in regulation, together with mutually antagonistic interactions between these transcription factors, results in a more complex pattern of gene expression along the PD axis that includes cells that express combinations of these transcription factors in addition to cells that express only Dll or only Dac. Finally, a secondary patterning event is triggered by the Wg 1 Dpp-dependent expression of ligands of the EGFR pathway in a small number of distal-most cells (Campbell 2002; Galindo et al. 2002 Galindo et al. , 2005 . The activation of this pathway in a graded manner induces another set of transcription factors that subdivide and pattern the distal region of the leg. Thus, the leg PD axis is established by at least two sets of secreted signals that each induce the expression of a nested set of downstream transcription factors. A combinatorial code of these transcription factors establishes specific cell fate domains along the PD axis. One of the outputs of this code that has been examined is the formation of the leg joints in a process that depends on the activation of the Notch pathway (Bishop et al. 1999; Rauskolb and Irvine 1999; Rauskolb 2001) .
Like most transcription factors, those that are required for PD axis formation in the Drosophila leg have additional and very distinct functions at other stages and tissues during development. For example, dac plays an important role in the development of the eye, central nervous system (CNS), and trachea (Mardon et al. 1994; Shen and Mardon 1997; Martini et al. 2000) . In addition to its role in ventral appendage formation, Dll is also expressed and likely required in the CNS and plays an important role in antennal development (Casares and Mann 1998; Dong et al. 2000; Duncan et al. 1998; Panganiban 2000) . hth, in addition to specifying proximal identities in the leg, is also required for proximal wing (hinge) development, antennal and eye development, and, together with its partner gene extradenticle (exd), encodes a cofactor for the Hox proteins Mann 1998, 2000; Mann and Affolter 1998; Azpiazu and Morata 2000; Dong et al. 2000; Pichaud and Casares 2000; Aldaz et al. 2005) . tsh also has roles in multiple tissues, including the eye, wing, and leg Cohen 2000, 2002; Bessa and Casares 2005) . These observations raise the general question of how transcription factors execute their specific functions in vivo. The prevailing model to account for specificity is that transcription factors collaborate with each other to create unique combinations that have distinct properties that are not simply the sum of their individual properties. Although there is already evidence to support this idea in the leg, the number of combinations of factors currently known in the leg is still not sufficient to account for the many unique identities along the PD axis. Accordingly, we would expect there to be additional factors that contribute to PD axis specification.
Here, we identify the gene jing as a factor that is required for forming the PD axis of the leg. We identified jing in a genetic screen to find modifiers of a hth haploinsufficiency phenotype. jing encodes a Zn-finger transcription factor that has previously been implicated in playing a role in oogenesis and CNS and trachea development (Liu and Montell 2001; Sonnenfeld et al. 2004) . However, a role in adult leg development has not been previously described. Using clonal analysis, we show that jing is an essential factor for specifying medial fates in the leg. We further show that jing also plays a highly specific role in wing development. Together, these results suggest that jing may function together with previously characterized transcription factors involved in these processes to help them execute their functions in vivo.
MATERIALS AND METHODS
Drosophila genetics: Most of the Drosophila stocks used in this work, including the deficiency set for the second chromosome, are described in FlyBase and Bloomington Stock Center web sites. jing 22F3 and jing 47H6 alleles were obtained from Denise Montell's lab (Liu and Montell 2001) . Since these two mutations were not molecularly characterized, we sequenced the jing genomic region from homozygote single embryos of jing 22F3 genotype. Our analysis showed that in the jing 22F3 allele, the codon coding for K664 (amino acids according to Jing isoform with GenBank accession no. AAK49526.1) was mutated to a premature stop codon. Since K664 is located 59 of the DNA-binding Zn-finger motifs, this allele probably codes for a nonfunctional protein.
To generate clones of jing ÿ cells, we used the FLP/FRT system (Xu and Rubin 1993) . jing 22F3 and jing 47H6 alleles were generated over an FRT G13 chromosome (Liu and Montell 2001) . Thus, to analyze the clones in imaginal discs, we crossed hs-Flp; FRT G13 , ubi-GFP flies with the jing stocks. The resulting larvae were heat-shocked for 1 hr at 37°at 24-48 hr after egg laying and allowed to developed at 25°. Third instar larval imaginal discs were dissected and analyzed by immunostaining. jing ÿ cells can be identified by the absence of GFP expression. To analyze adult phenotypes, jing ÿ clones were similarly generated in a f 36a background. The mutant cells were marked by the loss of f rescue provided by two f 1 transgenes (P{f
13}47B, a gift from P. Martín, Antonio García-Bellido's lab), which were recombined with FRT
G13
. Adult legs were dissected and mounted in Hoyer's/lactic media.
Clones of jing 22F3 that also express UAS-Jing FL, UASJing_Znf EnR , or UAS-Jing_Znf E1A were obtained using MARCM (Lee and Luo 2001) . Flies of the genotype y,w,hs-Flp; FRT
, jing 22F3 /CyO; tubulin-Gal4/TM2 were crossed to w; FRT G13 , pi-Myc, tubulin-Gal80/CyO; UAS-Jing FL (or its variants) and the resulting larvae heat-shocked as above.
To check for a genetic interaction between jing and PcG genes, we used the stocks Pc /Cyo females were crossed with males from these two stocks and allowed to develop in noncrowded conditions at 25°. Only female progeny was scored.
Immunohistochemistry: To generate an anti-Jing antibody, we expressed a 290-amino-acid peptide corresponding to the N-terminal part of Jing protein (AAK49526.1) as a GST fusion. The protein was expressed in Escherichia coli and purified from the soluble fraction by affinity chromatography. Rabbits were immunized at Cocalico Biologicals. The resulting antibodies did not allow us to detect endogenous Jing protein. However, they can detect overexpressed Jing. Other antibodies used in this work are: anti-Hth (Casares and Mann 1998) , anti-Tsh (from S. K. Chan), anti-Dll (Cohen et al. 1993) , anti-Dac (Developmental Studies Hybridoma Bank, DSHB), anti-Wg (4D4; DSHB), anti-Ubx (FP3.38), and anti-myc (Mab 9E10, Babco).
In situ hybridization to detect jing transcripts in imaginal discs was carried out with an antisense RNA probe derived from the Zn-finger region using standard procedures (details provided upon request).
cDNA identification and construction of transgenes: To identify the transcripts encoded in the proximity of the P1094 insertion site, we screened an imaginal disc cDNA library constructed in lgt10 using a fragment of genomic DNA adjacent to the P-element insertion site as probe. We identified four independent partial clones that were grouped into two nonoverlapping families. Our cDNAs, together with additional cDNAs identified by the BDGP, suggest the existence of at least four different jing transcripts that are generated through the use of alternative promoters and alternative splicing (supplemental Figure 1 at http:/ /www.genetics.org/supplemental/). Three of these transcripts differ only in their 59-UTRs and thus code for the same protein. In contrast, a fourth larger transcript of 7 kb includes sequences from a previously identified gene named 1.28, which is located 110 kb upstream of jing (Mahaffey et al. 1993) . At least two of the four cDNAs isolated from the imaginal disc library correspond to this larger 7-kb transcript. Thus, our data indicate that 1.28 and jing are a single gene, which we suggest should retain the name jing.
To generate UAS-Jing FL, we cloned the coding region from the 7-kb transcript into pUAST (Brand and Perrimon 1993) . UAS-Jing_Znf, UAS-Jing_Znf EnR , and UAS-Jing_Znf E1A were generated by cloning the Jing Zinc-finger region (from A119 to I1288; Jing protein AAK49526.1) in frame into the vectors pCS2-MT-NLS, pCS2-MT-NLS-EnR, and pCS2-MT-NLS-E1A, respectively (Glavic et al. 2002) . Note that a nuclear localization signal, as well as six myc tags, was included in these transgenes. Afterward, the constructs were transferred to pUAST for P-element transformation and expression in Drosophila.
RESULTS

Genetic interaction between jing and homothorax:
To identify additional genes that may function during the same processes as hth during development, we carried out a genetic modifier screen in Drosophila. This screen was based on the observation that some alleles of hth display a dominant phenotype in the adult flies, in particular, a broadening and increase in pigmentation of male fourth abdominal segment (A4) (Rieckhof et al. 1997) . This change in pigmentation reflects a partial transformation of the lightly pigmented A4 toward a darker A5. Different hth alleles have variable degrees of transformation, suggesting that this pigmentation phenotype is sensitive to gene dosage and possibly to the action of modifiers. In the screen we crossed hth k1 , an allele exhibiting a strong and highly penetrant increase in pigmentation ( Figure 1B) , to a series of overlapping deficiencies of the second chromosome. This set of deficiencies uncovers 85% of the genes on that chromosome. We identified one deficiency, Df(2R)cn88b, which, as a heterozygote, resulted in a strong widening of the A4 pigmentation when crossed to hth k1 (data not shown). On its own, this deficiency does not show an increase in abdominal pigmentation. On the basis of these observations, we mapped the gene responsible for the enhancement of the hth k1 phenotype by testing lethal P-element insertions that map to this deficiency. These crosses led to the identification of two insertions, P{PZ}jing 01094 and P{lacW}jing
K03404
, that also enhanced the hth K1 tergite phenotype ( Figure 1 and data not shown). Both of these P elements are inserted into the gene jing, which codes for a Zn-finger transcription factor. We confirmed that the interaction between hth k1 and these P elements was caused by a decrease in jing activity by analyzing an EMS-induced allele, jing
22F3
, which has a premature stop codon N-terminal to the Znfinger DNA-binding domain (materials and methods). As with the P insertions, jing 22F3 increased A4 pigmentation in hth K1 males ( Figure 1C ), confirming that jing and hth genetically interact in this assay.
A role for jing in the establishment of the PD axis in the leg: To analyze further the relationship between hth and jing, we characterized jing's role in adult development. Because strong alleles of jing are lethal when homozygous, we performed a clonal analysis using the alleles jing 22F3 and jing
47H6
, two strong and possibly null alleles that gave similar phenotypes. Clones of cells homozygous for these jing alleles in the abdomen show a strong decrease in pigmentation, a phenotype that was not further analyzed (data not shown). In the leg, jing clones have profound effects on development. Clones located in the most proximal segments of the leg, the coxa and the trochanter, do not have any observable phenotype. However, clones located in the femur, tibia, or first tarsal segment display the loss of bracts located at the base of the bristles. This suggests a transformation toward a more proximal fate, because bracted bristles are characteristic of the distal regions of the leg ( Figure  2 ). We also observed fusions between the femur and the tibia and between the tibia and the first tarsal segment. In these cases we always detected jing ÿ tissue in the fusion area. These fusions are usually associated with a thickening of the affected segments (Figure 2, D and E) . In some legs, we also observed small outgrowths and internalized vesicles that seem to have detached from the leg cuticle ( Figure 2B and not shown). We never observed a phenotype in the last four tarsal segments. However, it is difficult to unambiguously identify clones in this region of the legs because of limitations with the marker used to identify the jing ÿ cells (forked, f ). Taken together, the leg phenotypes suggest that jing participates in the establishment of the PD axis of the legs and, more specifically, that jing is required for the establishment of intermediate fates along the PD axis, a similar domain to that governed by dac (Figure 2 ). In contrast, hth and tsh are required for the establishment of proximal (coxa and trochanter) fates. Thus, jing and exd/hth are required in mostly complementary domains of the leg.
jing is required for wing vein and alula development: In the wing, jing ÿ clones display two different phenotypes. In the wing blade, the clones are generally associated with a decrease or absence of wing vein differentiation ( Figure  3 ). However, this phenotype occurs with a low penetrance and not all veins are equally sensitive to the loss of jing. The distal portions of longitudinal veins 4 and 5 are very sensitive, as well as both cross-veins. The phenotype is stronger when the jing ÿ clones affect both the dorsal and ventral aspects of the same vein. Interestingly, some clones adjacent to but not including a longitudinal vein induce the nonautonomous elimination of that vein. Occasionally, we also observed the ectopic differentiation of a vein abutting a jing ÿ clone ( Figure 3C ). Clones located at the wing margin moderately disorganize the regular arrangement of bristles and can induce formation of a few extra bristles, in particular at the distal longitudinal vein 3 (data not shown).
A second phenotype we observed in the wing is an absolute requirement of jing for the differentiation of the alula, also known as the alar lobe (FlyBase). Clones located in the alula cause a reduction in its size and its fusion with the main portion of the wing blade ( Figure  4B ). Other phenotypes associated with jing ÿ tissue in the alula region are pigmented vesicles inside the wing ( Figure 4B , inset) and the formation of small outgrowths ( Figure 4C ). We also observed detached vesicles and outgrowths in the hinge region of the wing ( Figure  4 , D and E). However, in this region it is not possible to identify the f marker.
jing is required to repress hth expression in the medial leg: To better analyze the role of jing during PD axis formation in the leg, we generated clones of jing ÿ cells during the first instar larval stage and analyzed the expression of several PD markers in third instar leg imaginal discs. In particular, we focused on Tsh, Hth, Dac, and Dll, four transcription factors expressed in partially overlapping and concentric domains that are essential for the establishment of the leg PD axis. In agreement with the adult jing ÿ phenotypes, clones located in the proximal hth/tsh domain, which gives rise to the coxa and trochanter, do not show any change in the expression of these PD markers ( Figure 5 , C-E, and data not shown). In contrast, clones located in the intermediate dac region express hth, which is usually restricted to the proximal region of wild-type discs (Figure 5, C and D) . However, in some jing ÿ clones Hth expression is weak and is not always seen in all cells of the clone. Further, we note that ectopic expression of full-length Jing does not repress hth in the leg, suggesting that it must work with other factors to repress hth (not shown). To confirm that the Hth derepression was caused by the elimination of jing and not by some other associated mutation in the chromosome, we used the MARCM system (Lee and Luo 2001) to resupply fulllength Jing in the jing ÿ clones. In these clones, no ectopic Hth expression was detected ( Figure 5F ). In addition to Hth derepression, jing ÿ clones located a few cell diameters distal to the Tsh expression domain show Tsh derepression ( Figure 5E ). Clones located distal to the Dac domain did not show any change in the expression of these four markers. jing ÿ clones were recovered in all regions of the leg discs, including the most distal segments corresponding to the presumptive tarsi. Because we never observed adult phenotypes in the most distal four tarsi (see above), it is likely that jing is not required in this domain. However, we observed that ectopic Hth is in distally positioned jing ÿ clones in the antenna, suggesting that jing is also required in this disc to maintain hth repression (data not shown). Although ectopic expression of Hth can repress Dll and dac (Abu-Shaar and Mann 1998), we have not detected any consistent change in the expression of Dll or dac in jing ÿ clones, perhaps because Hth derepression in these clones is not high enough ( Figure 5 and data not shown). Using in situ hybridization we found that jing is broadly expressed throughout the leg and wing discs ( Figure 5, A and B) . The expression of a lacZ insertion into jing (P{PZ}jing 01094 ) also suggests that it is widely expressed throughout imaginal disc development (data not shown).
jing is required for the repression of tsh, but not hth, in the alula region of the wing imaginal disc: The analysis of jing loss-of-function clones in the adult indicates that this gene is essential for the differentiation of the alula. The development of the alula is a poorly defined process. The transcription factors of the Iroquois complex (Iro-C) are required for the formation of the alula (Gomez-Skarmeta et al. 1996; Kehl et al. 1998) . However, no change in the expression of Araucan, one the Iro-C genes, was observed in jing ÿ clones in the alula region of third instar imaginal discs (data not shown). Prompted in part by our finding that some jing ÿ clones in the leg show derepression of hth and tsh, we examined the expression of these factors in jing ÿ clones in wing imaginal discs. Surprisingly, we observed strong derepression of Tsh in jing ÿ clones. This derepression is restricted to a very specific area of the wing disc that corresponds to the region that gives rise to the alula ( Figure 6A ). Since there is no well-defined genetic marker for the alula, we resorted to the use of an antibody against Wg, which is expressed along the D/V boundary and also in two concentric rings in the wing pouch. The inner (more distal) Wg ring bisects the alula, as shown by the expression of wg-lacZ in adult wings (Neumann and Cohen 1996) . Thus, using Wg as a marker, we mapped the region were Tsh is derepressed to a small area close to the intersection of the DV boundary with the inner Wg ring and only in the posterior compartment ( Figure 6A ). Tsh derepression always occurs distal to the inner Wg ring and in both ventral and dorsal compartments. Interestingly, cells at the DV boundary, where Wg is highly expressed, are refractory to Tsh derepression. This result is in agreement with previous reports indicating that Wg represses tsh expression (Wu and Cohen 2002; Weihe et al. 2004; Zirin and Mann 2004) .
In contrast to these effects on tsh, hth is expressed in the alula region of wild-type discs and appears to be expressed normally in jing ÿ clones. In the wing pouch, a region devoid of hth expression, jing ÿ clones show very weak derepression of hth ( Figure 6D) . However, this level of derepression appears to have no developmental consequences, because, as described above, adult wings with jing ÿ clones do not have PD abnormalities (Figure 3) . Intrigued by the strong derepression of tsh in jing ÿ clones located in the alula region, we determined if tsh is also derepressed in two classical mutations that show a reduction or absence of the alula, Alula (Alu) and elbow (el) (Lindsley and Grell 1968; Davis et al. 1997) . Alu is a dominant mutation showing reduced and fused alula. el, on the other hand, is a recessive mutation but some hypomorphic alleles survive to adulthood as 
asterisks). (E) In jing
22F3 clones, marked by the absence of GFP (green), Tsh (red) is ectopically expressed but only in a region a few cell diameters distal from the Tsh endogenous expression domain (arrow). (F) Leg disc containing jing 22F3 clones marked by the absence of arm-lacZ (green) and that also express UAS-Jing-FL, using MARCM. In these clones, hth is not derepressed.
homozygotes and display an absence or reduction of the alula. Remarkably, when we analyzed the wing imaginal discs from larvae of these two genetic backgrounds, we also observed derepression of tsh in the same region of the disc as in jing ÿ clones ( Figure 6 , B and C). Thus, the jing ÿ clones and the Alu and el discs all strongly derepress tsh in the presumptive alula region. All three genotypes have small or reduced alulae, suggesting that repression of tsh in this region of the wing disc is essential to allow the development of the alula.
One additional phenotype we observed in jing ÿ clones was a weak derepression of Wg close to the DV boundary ( Figure 6E ). This ectopic expression, albeit weak, might be sufficient to induce the formation of the extra wing margin bristles observed in some jing ÿ clones composing the wing margin.
jing interacts with Polycomb group genes and represses transcription: The observed jing phenotypes described above are likely mediated, at least in part, by the derepression of hth or tsh. In addition, we observed weak derepression of hth in the wing pouch ( Figure 6D ) and in the distal antennal domain (not shown) and of wg close to the DV boundary ( Figure 6E ). These data suggest that Jing could be acting as a transcriptional repressor. Additionally, a mammalian gene with high homology to Jing in the Zn-finger region, called AEBP2, encodes a transcriptional repressor (He et al. 1999) . More recently, AEBP2 was copurified in a complex with the Polycomb (Pc) ESC-E(Z) proteins (Cao et al. 2002; Cao and Zhang 2004) . Although this is an intriguing finding, there is no in vivo evidence to suggest that AEBP2 or Jing has Pc-like activity. Thus, we decided to test if jing genetically interacts with members of the Polycomb group (PcG). Pc XT109 is a null allele that displays several haplo-insufficient phenotypes, including the partial transformation of second and third legs into first legs, a transformation of abdominal segment A4 toward a more posterior fate, and a partial transformation of the wings toward halteres. In Pc XT109 /1 heterozygotes, Ubx is also weakly derepressed in the posterior compartment of wing imaginal disc ( Figure 6F ). This Ubx ectopic expression is expanded in the double heterozygote jing 22F3 /1; Pc XT109 /1 ( Figure  6G ). Accordingly, adult wings from these double heterozygotes display a much stronger transformation toward haltere than do single Pc/1 mutants. Curiously, this transformation is restricted mainly to the posterior compartment, which forces the wing to bend. In the most extreme cases, the wing is deeply folded and the posterior wing margin has broad nicks. We used this phenotype to quantify the degree of interaction between Pc and jing. Fourteen percent (n ¼ 142) of females Pc XT109 /1 have curved wings, whereas 64% (n ¼ 108) of the double-heterozygous females show this phenotype, indicating a strong genetic interaction between jing and Pc. We also tested if jing interacts with other members of the PcG. Flies with one copy of a recombinant chromosome containing mutations in the three PcG genes Posterior sex combs (Psc), Additional sex combs (Asx), and Polycomblike (Pcl) have almost normal wings ( Figure  6H ). However, reducing the jing dosage disturbs the normal arrangement of bristles in the posterior wing margin and increases the appearance of cuticle patches that have a high density of small trichomes, indicative of a partial wing-to-haltere transformation ( Figure 6I ).
Together, these data demonstrate that jing interacts genetically with several members of the PcG. Surprisingly, the transformation of abdominal A4 to A5 and the extra sex combs phenotypes observed in PcG mutations were not significantly enhanced by a reduction in jing dosage, suggesting that jing may be involved in only a subset of Pc-dependent functions (see discussion).
The mammalian jing homolog AEBP2 was also shown to be a transcriptional repressor in cell culture assays, consistent with its suggested role as a member of the PcG (He et al. 1999) . The transcriptional repressor domain was mapped to the central Zn finger. To further explore the possibility that Jing contains a repressor domain, we analyzed the activities of four different Jing constructs in vivo: (1) full-length wild-type Jing ( Jing-FL), (2) Jing's Zn-finger domain fused to the repressor domain of Engrailed (Znf EnR ), (3) Jing's Zn-finger domain fused to the activation domain E1A (Znf E1A ), and (4) the Zn-finger domain alone (Znf). Overexpression of Jing-Znf in the wing posterior compartment, using the En-Gal4 driver, has a moderate ability to induce extra veins (Figure 7) . Overexpression of Jing-Znf EnR or Jing-FL has a much stronger effect at generating an extra-vein phenotype. In contrast, overexpression of Jing-Znf E1A with the same driver did not result in any notable phenotype. We confirmed that the three transgenes were expressed at equivalent levels by immunostaining using a myc tag present in these transgenes ( Figure 7) . Thus, the addition of the repressor domain of Engrailed to the Zn-finger domain of Jing stimulates its ability to generate extra veins and, on the contrary, addition of the activation domain of E1A suppresses this potential. These results indicate that Jing acts as transcriptional repressor, at least during vein differentiation.
Because one of the most striking phenotypes induced by the absence of jing is the loss of the alula, we determined whether Jing also works as a repressor during this process. For this experiment we used the MARCM system to eliminate endogenous Jing in clones and at the same time resupply the mutant cells with the activationand repression-domain Jing fusions. As described above, jing ÿ clones in the alula region trigger the derepression of tsh. This phenotype can be suppressed by the simultaneous expression of Jing-Znf or Jing-Znf En , but not Jing-Znf E1A (Figure 8 ). This experiment suggests that, as with vein differentiation, Jing is a transcriptional repressor during alula specification.
DISCUSSION
In this work, we describe the use of a modifier screen in Drosophila to identify jing as a gene that genetically interacts with hth. Our subsequent analysis of jing demonstrates that it plays a key role in forming the PD axis of the leg, a process that also depends on hth function. Moreover, we find that jing behaves as a repressor of hth expression during leg development. Thus, although the genetic modifier assay (pigmentation of the adult male A4 tergite) is distinct from PD axis specification, the screen nevertheless successfully identified a new player in leg development. In addition to PD axis specification, we also found that Jing plays several other roles during adult development. It is required for the formation of the alula and for the correct specification of the tergites and for the differentiation of wing veins.
Our analysis strongly suggests that jing is used, in at least some contexts, as a transcriptional repressor. In the leg, the major target of repression is the gene hth, which is normally restricted to the proximal-most domain of the leg disc. tsh is also derepressed in jing ÿ clones in the leg, but only within a small region of the disc, just distal to the endogenous tsh domain. In the wing, we also observed the derepression of tsh in jing ÿ clones and more weakly of hth and wg. That Jing behaves as a transcriptional repressor is also supported by our finding that Jing-Znf EnR , but not Jing-Znf
E1A
, can rescue the tsh derepression observed in jing ÿ clones in the wing. Our data also indicate that Jing requires the contribution of other factors to repress transcription, since jing is ubiquitously expressed in imaginal discs and its overexpression does not repress hth transcription in the proximal domain (not shown). One such factor could be Dac, a transcription factor expressed in an intermediate domain along the leg PD axis and that is also required to repress hth.
Our findings are also consistent with the characterization of a mammalian homolog of Jing, called AEBP2 (He et al. 1999; Cao et al. 2002; Cao and Zhang 2004) .
The initial characterization of this gene demonstrated its potential to act as a transcriptional repressor and mapped the repression domain to one of the Zn fingers (He et al. 1999) . More recently, AEBP2 has been found to be part of a Pc complex that contains a histone methyltransferase activity (Cao et al. 2002; Cao and Zhang 2004) . These findings suggested that Jing may also be part of a Pc complex in Drosophila, a possibility that is supported by our results. In particular, we show here that jing genetically interacts with several members of the PcG. Accordingly, we speculate that the derepression of hth and tsh that we observe in the absence of jing function may in part be due to the requirement of jing to maintain the repression of these genes in a Pcdependent manner. Consistent with this view are recent findings demonstrating that, in the wing pouch, tsh repression is maintained by Pc-mediated silencing (Zirin and Mann 2004) . In contrast to the situation in the wing, it appears that in the leg, hth (but not tsh) is repressed by Pc-mediated silencing ( J. Zirin and R. S. Mann, unpublished observations), a finding that is also consistent with the data presented here.
If Jing is a component of a Pc complex, one of the surprising findings described here is the degree of spatial specificity observed for jing function. In the leg, we observed phenotypes only in jing ÿ clones located in the medial domain along the PD axis. In these clones, hth was derepressed. However, in more distal clones, no effect on hth expression was observed. Similarly, in the wing, the predominant effect of jing ÿ clones is on the development of the alula and the corresponding derepression of tsh in the presumptive alula region of the wing imaginal disc. No tsh derepression was observed in the remainder of the wing pouch. This observation is in contrast to that of the effect of Pc ÿ clones, which show derepression of tsh throughout the wing pouch (Zirin and Mann 2004) . The underlying reason for the localized requirement is not clear, especially if jing is broadly expressed throughout leg and wing discs. One intriguing possibility is that distinct Pc complexes may be required to maintain gene silencing in different cell types. Accordingly, jing may encode a more specialized component of some Pc complexes that helps them achieve these cell-type-specific repressor functions. The fact that Jing has a putative DNA-binding domain, and thus could help target a subset of Pc-containing complexes, is also consistent with this proposal. We envision a possible molecular mechanism in which Jing binds the regulatory region of its target genes and, together with other transcription factors that provide regional specificity (e.g., Dac), represses their transcription. Subsequently, Jing may help recruit members of the Pc group complex and thus stabilize a repressed chromatin state. We also find it intriguing that jing has been found in several different modifier screens J. Modolell, unpublished results) . On the basis of these observations, it appears as though jing-mediated repression may play a role in many cellular processes during development. In the future, it will be most interesting to biochemically confirm the interaction between Jing and Pc complexes in Drosophila and to better understand the basis of the functional specificity described here. EnR almost completely reverts tsh derepression (arrow; most discs from this experiment do not show detectable tsh derepression). On the contrary, UAS-jing Znf E1A is unable to rescue jing loss of function, allowing a strong ectopic expression of Tsh (arrow).
